Introduction
The myelodysplastic syndromes (MDS) are a heterogeneous collection of bone marrow failure disorders associated with truncated survival because of disease-associated cytopenias, consequent bleeding and infections, and leukemic transformation, particularly in higher-risk subtypes (commonly defined as patients with excess myeloblasts or an International Prognostic Scoring System [IPSS] risk score Ͼ 1.0). 1, 2 Approximately 25%-30% of recently diagnosed and 15%-20% of established patients have higher-risk MDS. 3 Three drugs have been approved by the US Food and Drug Administration for the treatment of MDS. [4] [5] [6] Lenalidomide is used primarily in lower-risk patients with the del(5q) cytogenetic abnormality and purportedly works by selectively suppressing del(5q) clones by inhibiting haplodeficient phosphatases encoded within or near the proximal common deleted region that serves to release progenitors from p53 arrest followed by terminal arrest and apoptosis at G 2 /M, in association with a defect in ribosomal protein function. [7] [8] [9] In patients without this lesion, lenalidomide has multiple effects that range from modulation of the bone marrow microenvironment, inhibition of lysine demethylase, and potentiation of erythropoietin signaling. [10] [11] [12] Lenalidomide has demonstrated transfusionindependence response rates of 67% in lower-risk, transfusiondependent del(5q) patients with MDS; 26% in lower-risk patients without del(5q); and 14% and 30% in older patients with acute myeloid leukemia (AML) with or without the del(5q) abnormality, respectively. 5, [13] [14] [15] [16] Another drug, azacitidine, is used primarily in patients with higher-risk MDS and works through the proteosomic destruction of DNAmethyltransferase and resultant chromatin decondensation. 17, 18 Each drug can improve peripheral cytopenias and transfusion needs in responding patients, 4, 6 and azacitidine improves overall survival (OS) in patients with higher-risk MDS compared with those treated with conventional care regimens. 19 A phase 1 study of azacitidine in combination with lenalidomide in patients with higher-risk MDS was conducted to evaluate the possible in vivo synergism that could be achieved by targeting both the microenvironment and cell-regulatory mechanisms that likely play a role in evolution of the disease. 20 Phase 2 dosing was established as azacitidine 75 mg/m 2 daily for 5 days and lenalidomide 10 mg daily for 21 days of a 28-day cycle. In this phase 2 continuation study, we explored the efficacy and safety of combination therapy with azacitidine and lenalidomide in patients with higher-risk MDS and identified molecular predictors of response.
Methods

Study design
This was a multicenter, single-arm, open-label phase 2 continuation study of combination therapy with lenalidomide and azacitidine. The study received local institutional review board approval from all participating sites and from the Data Safety and Monitoring Board of the Rare Diseases Branch of the National Institutes of Health, and was registered with ClinicalTrials.gov (NCT00352001). In addition, the study was conducted in accordance with the Declaration of Helsinki. The primary objective was to determine the safety and efficacy of combination therapy in patients with higher-risk MDS with efficacy as defined by 2006 International Working Group (IWG) criteria. 21 The combination of azacitidine and lenalidomide was determined on the basis of presumed nonoverlapping mechanisms of action. Patients received up to 7 cycles of combination therapy, with patients in the phase 1 study treated with either 5-or 10-day azacitidine schedules (75 mg/m 2 daily) and lenalidomide at 5 mg or 10 mg daily for 14 days or 10 mg daily for 21 days of a 28-day cycle. In the phase 2 dosing, patients followed a schedule of azacitidine 75 mg/m 2 daily for 5 days and lenalidomide 10 mg daily for 21 days and could continue on single-agent azacitidine off-study thereafter. Each cycle lasted 28 days.
Patients
Patients were enrolled from all participating institutions. Subjects were Ͼ 18 years of age and had MDS of one of the following World Health Organization (WHO) classifications: chronic myelomonocytic leukemia-2; refractory anemia with excess blasts-1 (RAEB-1); or refractory anemia with excess blasts-2 (RAEB-2). 22 Patients with RAEB in transformation were excluded because the WHO now defines these patients as having AML and by design the study was limited to patients with MDS because results from the azacitidine survival study were not yet available. 23 Alternatively, subjects could have an IPSS score 1 of intermediate-2 (1.5-2.0 points) or high (Ͼ 2.5 points) regardless of their percentage of myeloblasts. Subjects had to have an Eastern Clinical Oncology Group status Ͻ 2 and not be candidates for hematopoietic stem cell transplantation for first-line therapy, to the extent that adverse events and efficacy of the drug combination could be assessed, as indicated by patients declining this treatment option, which implied that a conversation about transplantation occurred. Initially, patients had to have a minimal platelet count of 50 000/L, although this was amended to 20 000/L in the fall of 2006. Patients could not use erythropoiesis-stimulating agents while on-study.
Assessment of adverse events
Adverse events were identified by use of the Common Toxicity Criteria Version 3.0. Hematologic toxicities were recorded throughout the study and are reported as mean or median percentage decreases from baseline occurring during the first 8 weeks of therapy. All subjects who received any study drug were included in analyses for safety and efficacy.
Efficacy assessment
Response was assessed using 2006 IWG MDS Response criteria after 4 cycles of therapy. 21 Participants continued to receive therapy for an additional 3 cycles with stable disease; hematologic improvement (HI); complete response (CR), which included both Ͻ 5% bone marrow myeloblasts and meeting HI criteria in all 3 cell lines; or partial response. 6 Response was again assessed after 7 cycles of therapy, consistent with previous publications. 6 Patients were discontinued from therapy in case of relapse after CR or partial response, unacceptable toxicity, or progression of disease. Responding patients could continue on single-agent azacitidine therapy off-study per the investigator's discretion and were followed until nonresponse or disease progression; death; or study data lock (February 2012). Time to progression was from date of CR and OS from the date of study enrollment.
DNA extraction
Genomic DNA from bone marrow or whole blood was extracted by the use of Gentra Puregene DNA Extraction kit (Gentra Systems Inc) according to the manufacturer's instructions. T-lymphocytes (CD3 ϩ ) were isolated by the use of immunomagnetic separation (Miltenyi Biotech) and served as germline control.
Single-nucleotide polymorphism array-based karyotyping
Single-nucleotide polymorphism array-based (SNP-A) analysis was performed on 50 ng of genomic DNA with the Affymetrix GeneChip Human Mapping 250K Array and Genome-Wide Human SNPArray 6.0 (Affymetrix) as previously described. 24, 25 Germline-encoded copy number variants and nonclonal areas of uniparental disomy were excluded from further analysis by the use of a bioanalytic algorithm that was determined on the basis of the results of SNP-A karyotyping in an internal control series (n ϭ 1003) and reported in the Database of Genomic Variants. 26
Mutational analysis
Genomic DNA from 19 patients enrolled at Cleveland Clinic was used for mutational analysis. Direct sequencing was performed on coding exons of TET2 (all exons), DNMT3A (exons 18-23), IDH1 (exon 4), IDH2 (exon 4), SF3B1 (exons [13] [14] [15] [16] , CBL (exons 8-9), NRAS (exons 1-2), KRAS (exons 1-2), EXZH2 (exons 18-19), U2AF1 (exons 2 and 6), SRSF2 (exon 1), and P53 (all exons). Primer sequences and conditions used are available on request. Bidirectional sequencing was performed by standard techniques with the use of the ABI 3730xl DNA analyzer (Applied Biosystems). Nonclonal CD3 ϩ cells were used to confirm the somatic nature of the mutations. All mutations were scored as pathogenic on the basis of the observation that they were not detected in normal samples and were not found in published SNP databases (dbSNP; http://www.ncbi.nlm.nih.gov/ projects/SNP) and/or they were not reported as SNPs in previous publications. Screening for JAK2V617F mutation was performed as previously described. 27 
Statistics
Demographic and baseline MDS disease characteristics of all patients were summarized descriptively. Severe adverse events and efficacy were summarized for the entire treated population (phase 1 and 2). The safety of the combination was evaluated by the frequency and severity of adverse events according to NCI-CTC Version 3.0 that occurred during the first 4 weeks of therapy and throughout the 7-cycle study period. The incidence and percentage of adverse events were summarized overall and within each dosing cohort. The relationship of baseline erythropoietin levels to response was explored with the Spearman Correlation, logistic regression, and Cox PH survival models.
Objective IWG responses were identified by the investigator at each participating institution, with reports further assessed and confirmed by the primary investigator of the overall study (M.A.S.) and are summarized for the entire cohort by the use of percentages. Categorical variables were analyzed with either 2 statistics or the Fisher exact test with a 2-sided P value of Ͻ .05 considered statistically significant.
Results
Patients
A total of 36 subjects with histologically confirmed MDS were enrolled at the 3 centers, 18 in the phase 1 portion of the study and 18 in the phase 2 continuation ( Table 1 ). The median age was 68 years (range, 47-78 years), and median time from MDS diagnosis was 7 weeks (range, 2-107 weeks). Patients had pancytopenia, with a median blast percentage of 11% (1%-19%). Fourteen patients (39%) had received past red blood cell transfusions at baseline, and 3 patients (8%) had received platelet transfusions. Patients comprised the following WHO classifications: 2 with RA (6%); 3 with chronic myelomonocytic leukemia-2 (8%); 10 with RAEB-1 (28%); and 21 with RAEB-2 (58%), which corresponded to IPSS risk categorizations of intermediate-1 (n ϭ 5, 14%, all with excess blasts); intermediate-2 (n ϭ 20, 56%); and high (n ϭ 11, 31%). Two patients (6%) had a del(5q) cytogenetic abnormality, and 9 patients (25%) had evidence of bone marrow fibrosis. Previous therapies included growth factors (n ϭ 7, 19%), immunosuppressants (n ϭ 5, 14%), or disease-modifying therapies (chemotherapy, n ϭ 6, 17%). Patients received a median of 5 cycles on-study (range, 1-7) and were followed a median of 11.5 months (range, 3-55 months) for all subjects, a median of 12 months (range, 3-52 months) for survivors.
Assessment of safety
During the first 8 weeks of therapy, the median ANC decrease was 35% (range, 766.2% increase to 100% decrease), and median platelet decrease was 14.6% (range, 344.2% increase to 95.6% decrease). Cycle 2 was delayed in 10 patients for a median of 7.5 days (range, 1-20 days, with 3 patients delayed Ͼ 10 days), for recovery of blood counts. Eight subjects had a dose reduction of lenalidomide: 6 were reduced from 10 to 5 mg and completed the study at 5 mg, whereas 2 were reduced to 5 mg and later were increased back to 10 mg. Growth factor support (granulocyte-colony stimulating factor) was allowed per study protocol in the setting of fever and neutropenia or infection and occurred in a total of 19 instances. Grade 3 or 4 nonhematologic toxicities are detailed in Table 2 , the most common of which were febrile neutropenia (n ϭ 8, 22%); infection (n ϭ 4, 11%); pulmonary complications (including 1 episode of pneumonitis and 3 of pneumonia, 1 of which was possibly related to therapy; n ϭ 4, 11%); cardiac events (including congestive heart failure, arrhythmia, and a vasovagal episode, all considered unrelated to therapy; n ϭ 4, 11%); constitutional symptoms (n ϭ 4, 11%); and dermatologic (n ϭ 4, 11%), vascular accessrelated thrombosis, hemorrhage, renal failure, and secondary malignancy affecting 2 patients each (6%). Table 3 contains nonserious, nonhematologic adverse events occurring in Ͼ 10% of For personal use only. on April 15, 2017. by guest www.bloodjournal.org From patients; the most common of these were constipation (56%), fatigue (50%), diarrhea (47%), injection-site reaction (39%), pruritis (28%), dyspnea (28%), rash (25%), nausea (25%), and dizziness (25%). Three patients (8%) died while on study, and 3 (8%) had progressive disease.
Assessment of efficacy
All patients were evaluable for efficacy. Among 36 subjects, 26 (72%) responded to therapy: 16 achieved a CR (44%) and 10 a hematologic improvement (28%), of whom 10 of the CR patients also had a bi-or trilineage hematologic response (Table 4) . Initial responses occurred a median of 3.7 months (range, 1.4-7.4 months) after the start of therapy and were sustained in patients with CR for a median of 17ϩ months (range, 3-39ϩ months).
Of those who achieved CR, the median age was 69 years, and patients comprised the following WHO/IPSS categories, respectively: RA (n ϭ 1, 6%), RAEB-1 (n ϭ 8, 50%), RAEB-2 (n ϭ 7, 44%), intermediate-1 (n ϭ 4, 25%), intermediate-2 (n ϭ 10, 63%), and high (n ϭ 2, 13%). Baseline erythropoietin levels were not significantly related to achievement of a CR (Spearman correlation coefficient ϭ Ϫ0.145, P ϭ .4366; Logistic regression parameter estimate Ϫ0.00039, P ϭ .721; Cox PH model parameter estimate Ϫ0.00061, P ϭ .446). Among patients with CR, 6 of 16 (38%) had already received red blood cell transfusions at the time of study enrollment, compared with 8 of 20 (40%) of those who did not achieve a CR (P ϭ .879); 1 of 16 (6%) of those who achieved CR had already received platelet transfusions at baseline, versus 2 of 20 (10%) of those who did not achieve a CR (P ϭ .686).
A red blood cell and platelet transfusion rate was calculated by totaling the number of transfusions received, respectively, and dividing by the number of months of follow-up. Comparing the rates for those achieved a CR versus those who did not, we found that the red blood cell transfusion rates were 0.20 per month versus 1.23 per month, respectively (P ϭ .0023), whereas platelet transfusion rates were 0.92 per month versus 0.17 per month, respectively (P ϭ .0216). Eight patients with CR (50%) evolved to AML a median of 18 months after achieving CR (range, 6-26 months); one subsequently died in CR, one had a last known status of hematologic improvement and subsequently died, and 6 were alive at the last study assessment. All responding patients remained on combination therapy for the first 7 cycles, and azacitidine monotherapy thereafter, until loss of response or death. The median OS was 13.6 months for the entire cohort (range, 3-55 months), and 37ϩ months for patients achieving CR (range, 7-55ϩ months).
Metaphase karyotyping, SNP-A karyotyping, and mutational analyses
Cytogenetics subgroups among patients with CR included normal (n ϭ 9, 64%), del(5q) (n ϭ 2, 14%), ϩ8 (n ϭ 1, 7%), complex For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From (n ϭ 1, 7%), and unknown (n ϭ 1, 7%). Nineteen patients (63%) had metaphase karyotyping results available before and after therapy (Table 5, supplemental Tables 1 and 2 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Among 19 of these patients who had an IWG response, no patients who started with normal cytogenetics had cytogenetic evolution, whereas of the 10 patients with abnormal baseline cytogenetics, 3 (30%) normalized their karyotype, all of whom achieved CR. For 14 patients, both metaphase cytogenetics and SNP-A-based karyotyping were available (Table 5) . Of 10 patients with baseline new or additional SNP-A lesions present, 4 had gains, 4 had losses, and 2 had both gains and losses, of whom one also had uniparental disomy. Only 2 of these patients had normal metaphase cytogenetics. The majority of patients who had good and intermediate-risk karyotype by IPSS cytogenetic risk grouping achieved CR (93%). Among the 10 patients with additional or new SNP-A lesions identified, 8 (80%) achieved a CR or HI, compared with 3 patients (75%) without new or additional SNP lesions. Among these 19 patients, none with complex karyotype, defined as the presence of Ն 3 chromosomal abnormalities at initial presentation, responded.
Of 19 patients who underwent molecular mutational analysis, 6 had specific molecular abnormalities: 1 with TET2, IDH1/2, and SRSF2 mutations, 1 with TET2, IDH1/2, and KRAS mutations, 1 with a DNMT3A mutation, 2 with sole p53 mutations, and 1 with an isolated TET2 mutation (supplemental Table 1 ). Five of 6 (83%) achieved a CR compared with 46% of those who were wild type for these abnormalities (P ϭ .12). One patient who harbored a p53 mutation but had a complex karyotype at initial presentation did not respond to therapy. All patients were negative for CBL, JAK2V617F, U2AF1, NRAS, EZH2, and SF3B1 mutations. All patients who carried a TET2, IDH1/2, or DNMT3A mutation achieved a CR.
Discussion
The phase 1 combination trial of lenalidomide and azacitidine was the first to combine 2 drugs approved by the US Food and Drug Administration specifically for the treatment of MDS, thereby establishing tolerable therapeutic drug doses and schedules. 20 The justification for this strategy rested in the theory that patients with higher-risk MDS also retained properties of the lower-risk MDS from which their disease likely evolved and that the use of 2 agents with complementary mechanisms of action may yield synergistic benefit. In this study, median neutrophil and platelet decrease was approximately 25%; severe (grade 3 or 4) nonhematologic toxicities were comparable with those seen with the individual agents; and the overall response rate was 67%, including a CR rate of 44%. This multiinstitution, phase 2 expansion study verifies the safety and efficacy of the combination observed in the initial trial, provides long-term follow-up of responding patients from both study phases along with more extensive adverse event reporting, and suggests a molecularly favorable group.
Five-day azacitidine dosing was determined on the basis of a prospective study in community oncology groups examining azacitidine administered in a 5-2-2 schedule (75 mg/m 2 /d subcutaneously for 5 days, followed by 2 days no treatment, then 75 mg/m 2 /d for 2 days); in a 5-2-5 schedule (50 mg/m 2 /d subcutaneously for 5 days, followed by 2 days no treatment, then 50 mg/m 2 /d for 5 days); or in a 5-day schedule (75 mg/m 2 /d subcutaneously for 5 days). 28 There were no differences in response rates for any schedule when both lower-and higher-risk patients with MDS were treated. Another US prospective, longitudinal, multicenter registry study collected data on 380 patients with MDS who were treated with azacitidine. In exploring dosing schedules, the authors again found no differences in responses for 7-day continuous dosing; 7-day interrupted dosing (such as the 5-2-2 schedule); and for Ͻ 7-day dosing. 29 Lenalidomide dosing was determined by the schedules used in phase 1/2/3 prospective studies in patients with MDS, with escalation to the single-agent therapeutic dose of 10 mg daily. 19, 30 An initial concern in combining these drugs was the risk of added toxicity with 2 myelosuppressive agents. The median decreases in neutrophil and platelet counts, however, were mild at 35% and 15%, respectively, and self-limited in responding patients. We used functional definitions of relative neutrophil and platelet decrements, rather than absolute CTC criteria, so as to avoid attributing treatment-related myelosuppression to a patient entering the study with significant baseline cytopenias, and limited assessment to the first 8 weeks of therapy, so as not to confound the assessment with cytopenias attributable to disease progression. 31 Other serious adverse events occurred with a similar frequency to that seen with either monotherapy in a similar, greater-risk MDS population. 23, 32 The combination of lenalidomide and azacitidine was highly effective, with an overall response rate of 72%, and a high CR rate of 44%, in comparison with the overall response rate of 49%, which included a CR rate of 17%, seen in the phase 3 AZA-001 study for higher-risk MDS patients randomized to receive azacitidine. 23 One possible contributing factor to these discrepancies in response rate could be the inclusion of some intermediate-1 patients in the present study (albeit, all with excess blasts), with a resultant lower percentage of IPSS high-risk patients compared with AZA-001 (31% vs 46%, respectively). Response rates seen in this combination study are superior to those seen in lower-risk MDS patients without the del(5q) cytogenetic abnormality treated with lenalidomide 13 and to those reported in lenalidomide-treated, higher-risk del (5q) MDS and patients with AML. 16, 32 The median OS for the entire population was shorter than in the AZA-001 study, at 13.6 months compared with 24.5 months, which likely reflects shorter median follow-up (11.5 months vs 21.1 months), different patient populations, and that survival was a secondary objective in the current study. Despite this, median OS for patients with CR exceeded 3 years. The synergistic activity of the azacitidine ϩ lenalidomide combination is further supported by a follow-up report of the phase 1 combination trial, in which 3 patients who achieved a CR within the 7-cycle combination therapy time period then continued on azacitidine monotherapy for an additional 12-24 months before relapsing with cytopenias and excess blasts. They all regained their CR status solely with the reinitiation of lenalidomide combined with their on-going azacitidine therapy, demonstrating additional benefit of the combination, with each patient serving as his own control. 33 Given lenalidomide's particular action on erythroid improvement in lower-risk populations, it is possible that it contributed to greater erythroid responses in this higher-risk population, which in turn could have contributed to a greater CR rate.
We also performed a comprehensive cytogenetic and molecular analysis of subjects. Patients with IPSS good-and intermediate-risk cytogenetic abnormalities achieved high CR rates. Patients with lesions identified by SNP arrays before therapy had greater rates of CR, whereas those with complex karyotype as determined by metaphase cytogenetics before initiating treatment were less likely to respond. Patients who had molecular abnormalities along a methylation pathway, including TET2, DNMT3A, and IDH 1/2, even in the presence of additional molecular mutations typically associated with poor outcomes in MDS (patients 4 and 9), appeared more likely to achieve a CR to combination therapy (83% of affected patients), compared with less than half the patients who did not harbor one of these lesions, although limited samples prevented this finding from reaching statistical significance. This result supports the findings of recent studies in which investigators showed that the presence of specific molecular mutations involving the epigenetic machinery, specifically TET2, are predictive of better response to hypomethylating agents. [34] [35] [36] Although intriguing, because of the heterogeneity of the population and small sample size, these results remain to be validated in larger treated cohorts.
The azacitidine ϩ lenalidomide combination has been explored in a preliminary fashion in other MDS and AML populations. One phase 1 study of the combination administered sequentially reported a CR/incomplete CR rate of 44% in previously untreated, older AML patients, 37 whereas other studies are exploring the combination in the same population with lenalidomide administered at 50 mg daily and increasing doses of concomitant azacitidine (NCT1016600); sequentially in relapsed/refractory AML or higher-risk MDS with chromosome 5 abnormalities (NCT00923234); and sequentially in relapsed/refractory AML or MDS of any age or untreated older adults with AML or MDS (NCT01038635). It remains to be seen whether continuing the combination beyond 7 cycles can yield more durable responses; whether this regimen would be more tolerable with better efficacy if administered sequentially; and whether it would be more ideally suited for higher-risk MDS patients with the del (5q) cytogenetic abnormality because this cohort included only 2 such patients (both of whom attained a CR). The azacitidine ϩ lenalidomide combination is being compared with azacitidine monotherapy, as is azacitidine ϩ vorinostat (a histone deacetylase inhibitor), in a North American Intergroup protocol (S1117, NCT01522976).
In conclusion, the combination of lenalidomide and azacitidine is well-tolerated and highly effective in higher-risk MDS patients, with sustained responses seen. Patients with molecular abnormalities along the methylation pathway appear more likely to achieve a CR.
